The bovine genetic resources in China are diverse, but their value and potential are yet to be discovered. To determine the genetic diversity and population structure of Chinese cattle, we analyzed the whole genomes of 46 cattle from six phenotypically and geographically representative Chinese cattle breeds, together with 18 Red Angus cattle genomes, 11 Japanese black cattle genomes and taurine and indicine genomes available from previous studies. Our results showed that Chinese cattle originated from hybridization between Bos taurus and Bos indicus. Moreover, we found that the level of genetic variation in Chinese cattle depends upon the degree of indicine content. We also discovered many potential selective sweep regions associated with domestication related to breed-specific characteristics, with selective sweep regions including genes associated with coat color (ERCC2, MC1R, ZBTB17, and MAP2K1), dairy traits (NCAPG, MAPK7, FST, ITFG1, SETMAR, PAG1, CSN3, and RPL37A), and meat production/quality traits (such as BBS2, R3HDM1, IGFBP2, IGFBP5, MYH9, MYH4, and MC5R). These findings substantially expand the catalogue of genetic variants in cattle and reveal new insights into the evolutionary history and domestication traits of Chinese cattle.
Introduction
Domesticated extant cattle can be categorized into two major geographic taxa: humpless taurine (B. taurus) and humped indicine (B. indicus) cattle, which diverged from each other >250,000 years ago (Hiendleder et al. 2008; Gibbs et al. 2009; Canavez et al. 2012; Porto-Neto et al. 2013 ). According to previous reports, taurine cattle were domesticated in the Fertile Crescent $8,000-10,000 years ago, and indicine cattle were domesticated in the Indus Valley $6,000-8,000 years ago (Loftus et al. 1994; Van Vuure 2002; Bickhart et al. 2016) . As a representative ruminant, cattle provide hides, meat, and milk for human needs and work as draught animals for pulling carts, ploughing, and other tasks in less chromosome polymorphisms: a southern group, largely descended from the indicine lineage; a northern group, belonging to the taurine lineage; and a central group, which originated from B. taurus Â B. indicus hybrids (Qiu et al. 1993; Cai et al. 2006) .
High-throughput whole genome sequencing can be used to exploit population structure and characteristics to identify the effects of selection upon the cattle genome in different breeds. This approach has been performed with dairy cattle such as Holstein-Friesian, Fleckvieh, and Jersey populations for traits including embryonic death, lethal chondrodysplasia, milk production, and curly coat (Daetwyler et al. 2014) . Studies have also been performed on economic traits with breeds such as Hereford, Black Angus, and Limousin (Gibbs et al. 2009; Stothard et al. 2011) . Several studies of traits under positive selection have been performed with many European breeds; however, positive selection signatures in Chinese cattle have yet to be determined. A limited number of phylogenetic studies of Chinese cattle have been performed with Y chromosomal and mitochondrial DNAs (Lei et al. 2000; Cai et al. 2007 Cai et al. , 2014 . These sequences reflect the histories of individual loci and thus do not have the power to track artificial selection signals, complex histories of introgression, or admixture of genomes. Thus, the population stratification of Chinese cattle and signatures of selection in these breeds remain poorly understood.
In this study, we performed whole-genome sequencing on six phenotypically and geographically diverse domestic Chinese cattle breeds (Qinchuan cattle, QCC, n ¼ 37; Nanyang cattle, NYC, n ¼ 2; Luxi cattle, LXC, n ¼ 1; Yanbian cattle, YBC, n ¼ 2; Yunnan cattle, YNC, n ¼ 2; and Leiqiong cattle, LQC, n ¼ 2), and two non-Chinese breeds (Japanese black cattle, JBC, n ¼ 11 and Red Angus cattle, RAN, n ¼ 18). Using the obtained whole-genome sequence data together with publicly available whole-genome sequence data for additional seven breeds, we explored the genetic diversity, phylogenetic relationships, and demographic history of Chinese cattle. We also integrated patterns of hybridization and detected genes and corresponding variants that are associated with agriculturally important traits. Our analyses provide new insights into the population stratification and local breeding of Chinese cattle and the interface with worldwide domestic breeds.
Results and Discussion

Whole-Genome Sequencing and Genetic Variation
Whole-genome sequencing of 75 samples generated a total of 27.52 billion paired-end reads with 500-bp insert size. Alignment with the reference genome of B. taurus (UMD3.1) showed an average depth of 11.4Â and an average coverage of 98.46% (supplementary table S1, Supplementary Material online). To place these cattle in a more detailed phylogeographic context, we also analyzed previously published whole-genome sequence data from individuals of representative taurine and indicine breeds (n ¼ 76, supplementary tables S2 and S3 and fig. S1 , Supplementary Material online). We detected a total of 57.22 million single-nucleotide polymorphisms (SNPs) and 5.27 million small insertions and deletions (InDels) (supplementary table  S3 Most of the cattle groups experienced population bottlenecks during domestication. Taurine cattle showed a similar level of nucleotide diversity (h p , $1.2 Â 10 À3 ) as that of yak (Qiu et al. 2015) and giant panda ($1.3 Â10 À3 ) (Zhao et al. 2013) . Moreover, they showed higher nucleotide diversity than that estimated for human populations ($1.0 Â10 À3 ) and lower than that of indicine cattle ($2Â 10 À3 ) (supplementary table S3, Supplementary Material online). This low level of variation in taurine cattle was also reflected by the extensive linkage disequilibrium (LD) levels among taurine breeds, especially JBC and JER (supplementary fig. S6b , Supplementary Material online), indicating a severe bottleneck in taurine cattle (Gibbs et al. 2009; Stothard et al. 2011; Daetwyler et al. 2014 (Lai et al. 2006; Lei et al. 2006; Decker et al. 2014) in which B. taurus Â B. indicus admixture events in Chinese cattle breeds were found to have significantly increased the genetic diversity of Chinese cattle relative to European taurine cattle.
By comparing the population-specific SNPs among B. indicus (including only BRM, GIR, and NEL), LQC, and B. taurus (including RAN, JBC, HOL, JER, FLV, and LIM), we found 938, 79, and 4 population-specific nonsynonymous variants (PSNVs) with high variant allele frequency (>0.9), respectively (supplementary table S7, Supplementary Material online). Strikingly, some genes had more than three novel nonsynonymous variants (supplementary tables S8-S10, Supplementary Material online). For example, there were 12, 5, and 4 nonsynonymous mutations in the SPTBN5, RP1L1, and GHRHR genes, respectively, of B. indicus and 9, 8, and 5 novel nonsynonymous mutations in the LOC616720, LOC101903496, and RNF213 genes, respectively, of LQC (supplementary tables S8 and S10, Supplementary Material online). In the SPTBN5 gene, there were 14 B. indicus-specific missense mutations with high allele frequency (>0.93; supplementary table S8, Supplementary Material online). These missense mutations were only observed in indicine cattle, and only two of them have been found in dbSNP. In humans, SPTBN5 imparts a certain resistance to the parasite Plasmodium falciparum and to enterohemorrhagic Escherichia coli (Ruetz et al. 2012; Labrecque et al. 2013) . Indicine cattle are more resistant to thermal stress, parasites, and disease than taurine cattle (Hansen 2004; Sartori et al. 2010) . This knowledge led us to speculate that the SPTBN5 gene may contribute to parasite resistance in indicine cattle. Therefore, these genes with specific nonsynonymous variants might have played roles in the formation of the characteristic phenotypes of each breed.
Population Structure and Characterization of Chinese Cattle Breeds
Using yak (Bos grunniens) as an outgroup, we explored the phylogenetic relationships among 151 cattle samples based on whole genome SNP data. The resulting neighbor-joining tree supported the clustering of the taurine clade (RAN, JBC, HOL, FLV, LIM, JER, and YBC) and the indicine clade (BRM, NEL, and GIR). NYC, LXC, YNC, and LQC were grouped together near the indicine clade ( fig. 1a) . Interestingly, QCC was situated between these two clades and had many branches connecting to the trunk, consistent with previous studies (Lai et al. 2006; Lei et al. 2006; Decker et al. 2014) , suggesting that this breed has two main ancestor components: taurine and indicine. The principle component analysis (PCA) provided similar results, with all of the taurine cattle breeds except JBC and YBC forming a tight cluster clearly separate from indicine cattle and most of the Chinese populations occupied intermediate positions between the two major clusters ( fig. 1b and supplementary figs. S8 and S9, Supplementary Material online). The PC2 tended to separate populations sampled in East Asia from those of India and Europe. Both the phylogenetic and PCA analyses indicated a heterogeneous nature of Chinese cattle. The genetic influence of B. taurus was greater on QCC and YBC than on the other breeds of central and southern China, whereas B. indicus contributed more to LQC, YNC, NYC, and LXC than to the remaining breeds. These results are consistent with the hypothesis that Chinese cattle breeds are admixtures of taurine (B. taurus) and indicine (B. indicus) cattle (Yu et al. 1999) .
We used clustering models for estimating ancestral populations setting K ¼ 2 through K ¼ 6 with ADMIXTURE (Alexander et al. 2009 ) for all 151 cattle samples ( fig. 1c) . With K changing progressively from 2 to 6, we found that Chinese breeds showed evidence of admixture, with the extent varying among the different breeds. The average ancestry proportions for each of the admixed populations, assuming K ¼ 2 ancestral populations, are shown in supplementary table S11, Supplementary Material online. We found a strong association between genetic diversity and indicine descent in Chinese breeds (supplementary fig. S10 , Supplementary Material online). Our results indicate that the heterogeneous nature of Chinese cattle mainly originated from hybridization between B. taurus and B. indicus.
Inference of Population Size from Whole-Genome Sequencing Data
Historical fluctuations in the effective population size (N e ) for all cattle were reconstructed using the Pairwise Sequential Markovian Coalescent (PSMC) model, and two bottlenecks and two expansions were identified for all cattle ( fig. 2a and supplementary figs. S11-S13, Supplementary Material online). The split time between the ancestor of indicine cattle and the ancestor of taurine cattle occurred $1.6 Ma, around which time the uplift of the Himalayas (Yuanmu movement, $1.6 Ma) (Zheng et al. 2002) established geographical isolation. It is highly possible that the habitat of B. primigenius was split into two regions (South Asia and South China), resulting in population separation between the ancestor of B. indicus and the ancestor of B. taurus, consistent with the aforementioned results.
The cattle population declined $0.8 Ma, at the same time as the three largest Pleistocene glaciations: the Xixiabangma Glaciation (XG, 1.1-0.8 Ma), the Naynayxungla Glaciation (NG, 0.78-0.5 Ma), and the Penultimate Glaciation (0.30-0.13 Ma) ( fig. 2a) . However, after a very short bottleneck in the ancestor of indicine cattle (BRM, GIR, and NEL) $500,000 years ago, N e recovered very quickly and reached a peak $140,000 years ago. In contrast, the ancestor of taurine cattle (RAN, JBC, HOL, FLV, LIM, and JER) experienced a long, stable bottleneck until 70,000 years ago, consistent with their lower genetic diversity relative to that of indicine cattle. Divergence among the ancestors of indicine and taurine cattle may have begun $0.5 Ma, coinciding with the uplift of the Tibetan-Pamir Plateau, which caused drying and desertification that were dramatically enhanced $0.5 Ma (Fang et al. 2002) . The demographic trajectories of Chinese cattle breeds (LQC, LXC, NYC, QCC, YBC, and YNC) were distinct from those of typical indicine cattle or taurine cattle due to the It is noteworthy that a historical pattern of two bottlenecks and two expansions has been observed in many mammals, such as yak (Qiu et al. 2015) , giant panda (Zhao et al. 2013) , wild boar ), snub-nosed monkey , gayal (Mei et al. 2016) , and bear (Miller et al. 2012) . These concordant patterns suggest that terrestrial mammals might share similar demographic histories and that the evolution of terrestrial mammals at the EarlyMiddle Pleistocene boundary was strongly affected by global glaciations and severely cold climates.
The Multiple Sequentially Markovian Coalescent (MSMC) analysis was used to study the genetic separation between two populations as a function of time by modeling the relationships of multiple haplotypes. For each population split scenario, the relative cross coalescence rate estimates were obtained by dividing the cross-population coalescence rate by the average within-population coalescence rate (Schiffels and Durbin 2014) . Based on the analysis of four haplotypes for each pair of populations, the MSMC results show that the beginning of the split between the NEL ancestors and the GIR and BRM ancestors occurred $11,000 years ago. This split occurred shortly after the Younger Dryas epoch (an abrupt rapid cooling period that occurred 12,800-11,500 years ago; Chen et al. 2006) (fig. 2b) . The split between the NEL and BRM ancestors occurred $6,600 years ago. After separation, the N e of indicine cattle expanded, reaching a peak $1,500 years ago, whereas the N e of taurine cattle remained stable due to inbreeding and artificial domestication (supplementary fig. S14 , Supplementary Material online). These data suggest that NEL, GIR, and BRM shared the same ancestor and that NEL separated from indicine ancestors earlier than GIR and BRM did. As we observed, the separation was slow and might have been the result of continuous gene exchange among these breeds.
Different from the split among indicine cattle groups, a sharp separation among the ancestors of taurine breeds occurred 5,000-2,000 years ago, with a split time at 3,500 years ago ( fig. 2c) , coinciding with the Unetice culture (4,200-3,500 years ago). Taurine breeds underwent strong domestication in a very short time. We infer that the considerable 
Signatures of Positive Selection in Cattle Genome
We identified regions that exhibit high levels of differentiation among cattle breeds using the d i statistic in a reduced data set containing breeds with at least 10 samples ( fig. 3) . We treated GIR, NEL, and BRM as one group (IND) based on their close genetic relationships as evidenced by both the PCA and phylogenetic results ( fig. 1a and b) . Those windows with the highest average d i values within each breed, which fell into the upper 99th percentile of the empirical distribution, were considered putative signatures of selection (supplementary fig. S15, Supplementary Material online) .
In total, we identified 2,842 potential selective sweep regions in one or more of the seven breeds (full genomic regions are detailed in supplementary tables S12-S18, Supplementary Material online), which had an average size of 67 kb (ranging from 11 kb to 1,150 kb). These regions harbored 1,429 protein-coding genes, 682 (47.72%) of which were previously identified as under positive selection in cattle (Randhawa et al. 2016 ). More specifically, we detected 357, 381, 232, 234, 307, 300, and 307 potentially positively selected genes on breed-specific selection events in the IND, QCC, JBC, RAN, FLV, HOL, and JER genomes, respectively ( fig. 3a and supplementary tables S19-S25, Supplementary Material online).
To obtain a broad overview of the molecular functions of these genes and to test the hypothesis that particular functional classes are enriched in the most differentiated regions of cattle genome, we performed a gene ontology (GO) analysis using ClueGO (Bindea et al. 2009 ) for each group separately. A potential concern regarding this analysis is the low power to detect enrichment due to the low expected counts for many categories. Nonetheless, several categories showed enrichment for signals of positive selection in one or more groups (supplementary table S26, Supplementary Material online), including the related categories of cellular response to UV as well as immune response and pathogen defence. These findings suggest that immune-related genes are pervasive targets of positive selection because of their critical role in immune and defence functions.
Many genes associated with shaping particular characteristics of the populations are presented within these regions (table 1). These include morphological (coat color, horn/ polledness) and production traits (dairy, muscle formation, skeletal development, energy partitioning, fertility, draft traits).
Several genes involved in coat color phenotypes were identified as targets of positive selection in one or more groups (table 1), including ERCC2 in QCC and IND, MC1R in IND, ZBTB17 in QCC and MAP2K1 in JBC. One of these genes, MC1R, is well known for its role in regulating the switch For example, several genes involved in milk production showed clear evidence of positive selection in dairy cattle (NCAPG in both FLV and JER; MAPK7 in FLV; FST, ITFG1, SETMAR, and PAG1 in HOL; CSN3 and RPL37A in JER). Various genes involved in meat traits have also been targets of recent positive selection (table 1). Some genes related to skeletal muscle development and muscle fibre type appeared to be targets of positive selection, including CASP9, DIO1, Genetic Architecture and Selection of Chinese Cattle . doi:10.1093/molbev/msx322 MBE SREBF2, and PLOD3 in QCC, ASGR1, IGFBP2, IGFBP5, and MYH9 in JBC, OSTN, CPT2, CSF2RB, and SLC2A4 in FLV, and SLC2A5, TMEM97, MYH4, SRPK3, and POLDIP2 in RAN. We also found that a set of important genes associated with lipid metabolism were putatively positively selected (AOX1 in QCC, RAN, FLV, JER, and IND; MC5R in IND; BBS2, S1PR3, and LRP2BP in JBC). Interestingly, we identified a missense mutation in BBS2 (exon15 rs135889003, c.A1880G, p.Q627R) that was almost fixed (allele frequency > 0.95) in JBC, a breed known for producing the intensely marbled Wagyu beef (with >30% intramuscular fat of beef) (Gotoh et al. 2014) . BBS2 is a member of the Bardet-Biedl syndrome gene family, the primary clinical feature of which is obesity, and has been found to play a significant role in adipogenesis (Forti et al. 2007 ). The positive selection signals near the BBS2 region are further confirmed by significantly lower values of Tajima's D and the long haplotype patterns in JBC ( fig. 3b) , which may be useful as a genetic target for breeding selection for beef marbling improvement. In addition, R3HDM1, a gene associated with efficient food conversion and intramuscular fat content, showed signals of positive selection in five groups (QCC, FLV, HOL, JER, and IND). These genes might be associated with the tenderness and quality of meat in cattle.
Conclusion
Whole-genome sequencing of representative Chinese cattle breeds and two additional breeds (JBC and RAN) generated a comprehensive catalogue of genetic variations. This is the first population genomic study on Chinese cattle to use nextgeneration whole-genome sequencing data and is an important source of genetic information for cattle worldwide. Bovine haplotypes have been inferred in Mongolian yaks, with recent admixture at least 1,500 years ago (Medugorac et al. 2017) . It is highly possible that there was recent introgression from yak (B. grunniens) to Chinese cattle, as suggested by previous studies (Lei et al. 2000; Cai et al. 2007 Cai et al. , 2014 . The genetic influence of yak is too limited to have been detected in the representative cattle breeds examined in our study. We also discovered many potential selective sweeps associated with domestication related to breedspecific characteristics, with selective sweep regions including genes associated with coat color, dairy traits, and meat production/quality traits. Collectively, these findings substantially expand the catalogue of genetic variants in cattle and reveal new insights into the evolutionary history and domestication traits of Chinese cattle.
Materials and Methods
Sample Collection and Sequencing
To represent the overall genetic diversity of Chinese cattle, we selected 46 samples from 6 representative Chinese cattle breeds with divergent phenotypic characters across the main geographic distribution: Qinchuan cattle (QCC, n ¼ 37), Nanyang cattle (NYC, n ¼ 2), Luxi cattle (LXC, n ¼ 1), Yanbian cattle (YBC, n ¼ 2), Yunnan cattle (YNC, n ¼ 2), and Leiqiong cattle (LQC, n ¼ 2). For comparison, samples from two specialized beef cattle breeds, Red Angus (RAN, n ¼ 18), and JBC (n ¼ 11), were also collected (supplementary table S2, Supplementary Material online). Total genomic DNA was extracted from the blood samples of the animals using a standard phenol-chloroform protocol. For each individual, at least 5-mg genomic DNA was used to construct paired-end libraries with an insert size of 500 bp according to the Illumina's library preparation protocol. Moreover, we collected 76 genome sequences from previous studies for the breeds Brahman (BRM, indicine, n ¼ 6), Nelore (NEL, indicine, n ¼ 5), Gir (GIR, indicine, n ¼ 4), Limousin (LIM, taurine, n ¼ 6), Jersey (JER, taurine, n ¼ 18), Fleckvieh (FLV, taurine, n ¼ 19), and Holstein (HOL, taurine, n ¼ 18) (details in supplementary tables S1 and S2, Supplementary Material online).
Alignments and Variant Identification
Paired-end reads (100 bp) obtained from sequencing in the present study and previous studies were mapped to the B. taurus genome (UMD3.1) (Zimin et al. 2009 ) using BWA ) with the default parameters. Sequence Alignment Map (SAM) format files were imported into SAMtools ) for sorting and merging and into Picard (http://broadinstitute.github.io/picard/, version 1.92) to remove duplicated reads. To identify the ancestral state of cattle, we mapped the raw reads of yak (Qiu et al. 2012 ), sequenced to 65Â, to the reference genome. Initial variant site identification was performed using SAMtools mpileup and GATK UnifiedGenotyper (Genome Analysis Toolkit, version 2.4-9) (McKenna et al. 2010 ) with the default settings. The overlap subset of 53,979,675 singlenucleotide polymorphisms (SNPs) and 5,924,578 small insertions and deletions (InDels; 91% of InDels were 1-30 bp in length, and the largest InDel was 403 bp in length) was defined as a high-confidence catalogue used for base quality recalibration using GATK with the default set of covariants. The resulting recalibrated bam files were then used as input for a second variant calling with GATK. The resulting variant calls were analyzed, and approximately the highest scoring 10% of the predicted variant sites were used as a training set for variant quality recalibration and filtering by using GATK. These steps resulted in 60,031,459 SNPs and 5,603,383 InDels. To obtain high-quality results for further analyses, we only retained biallelic SNPs and InDels with >90% calling rates, resulting in 57,220,105 SNPs and 5,270,518 InDels. Beagle (Browning and Browning 2007) , which has been shown to yield highly accurate solutions, was used to improve the genotype calls using genotype likelihoods from GATK and to infer the haplotypes in the sample. Short InDels were not included in the diversity or divergence estimates and were not included in the other analyses. Variants (SNPs and InDels) were annotated using ANNOVAR (Wang et al. 2010 ).
Phylogenetic and Population Structure Analyses
A phylogenetic tree was constructed from the SNP data by using the neighbor-joining method in the program PHYLIP v3.695
(http://evolution.genetics.washington.edu/phylip. html), and distance matrices were calculated using PLINK (Purcell et al. 2007 ). The ancestral states of the SNPs were Mei et al. . doi:10.1093/molbev/msx322 MBE determined using a close relative of cattle, B. grunniens, as the outgroup. Population structure was further inferred using ADMIXTURE (Alexander et al. 2009 ) with kinship (K) set from 2 to 7. Principle component analysis was carried out using the smartPCA program of the EIGENSOFT (Patterson et al. 2006) package.
Genome-Wide Patterns of Genetic Diversity and Divergence
The average pairwise nucleotide diversity (h p ) and Tajima's D statistic of each breed were calculated using a sliding window approach (50-kb sliding windows in 10-kb steps) with the default parameters of VCFtools (Danecek et al. 2011) . Population differentiation was measured by pairwise F ST using the unbiased estimator of Weir and Cockerham (1984) with the default parameters.
Linkage Disequilibrium
To estimate the genome-wide LD of each breed, we calculated the mean r 2 values for pairwise markers with Haploview (Barrett et al. 2005) software. Only SNPs with a minor allele frequency >0.05 in three groups (Chinese cattle, indicine, and taurine) were used. The parameters of Haploview were set to "-maxdistance 200 -dprime -memory 5000 -minGeno 0.6 -minMAF 0.05 -hwcutoff 0.001." To minimize the influence of sample size, only breeds with at least five individuals were used, and breeds with more than five samples were downsampled to five.
Haplotype Diversity
For the haplotype diversity analysis, the same breeds and SNP set were used as in the linkage disequilibrium analysis. To calculate haplotype diversity, the genome was divided into 5-to 500-kb bins (detailed in supplementary table S6, Supplementary Material online). Windows with fewer than two SNPs per 5 kb were removed, and those with more than four SNPs, four SNPs were randomly selected. Considering the substantial variation in the recombination rate across the cattle genome, we adopted a sliding-window strategy and allowed the window to slide by half its length each time. The frequencies of haplotypes were counted, and haplotype diversity (H) was calculated as described previously (Daetwyler et al. 2014 ).
PSMC Analysis
We inferred the demographic history of B. taurus and B. indicus using the Pairwise Sequentially Markovian Coalescent (PSMC) model (Li and Durbin 2011) . In the default PSMC approach, a whole genome diploid consensus sequence was generated using the alignment file from one sample. Recalling that most of our genomes have not been sequenced to a high average depth of coverage (mostly $10Â) and that PSMC has high false-negative rates at low depths of coverage (i.e., <20Â) leading to a systematic underestimation of true event times Nadachowska-Brzyska et al. 2016 ), we applied a modified PSMC approach: the SNPs of one sample were extracted from variants called on cohorts of all samples and converted to consensus sequences. This procedure was followed for samples (marked in supplementary table S1, Supplementary Material online) with relatively high sequencing depth in each breed to ensure the quality of consensus sequences. We then transformed the consensus sequence into a fasta-like format using "fq2psmcfa." The PSMC parameters were set as follows: "-p 4 þ 25*2 þ 4 þ 6." The mutation rate per generation per site was estimated as: l ¼ D Â g/2 T, where D is the observed frequency of pairwise differences between two species, T is the estimated divergence time, and g is the estimated generation time for the two species. The cattle generation time (g) was set to an estimate of 5 years and the estimated divergence time was set to 4.9 Ma based on a previous study on cattle and yak (Qiu et al. 2012) . These values yielded an estimated mutation rate of 9.796 Â 10 À9 mutations per generation per site. We obtained mass accumulation rate (MAR) of Chinese loess of the past 3.6 My (Sun and An 2005) , an index indicating cold and dry or warm and wet climatic periods in China ( fig. 2a and supplementary figs. S13 and S14, Supplementary Material online).
To evaluate the differences between our revised PSMC approach and the default method, we reconstructed trajectories from two samples with different depth of coverage (SRR1262805 with 24Â and SRR1262808 with 9Â) of the same breed (FLV) which should yield similar inferences. The PSMC profiles retrieved from the default and revised approach of the high depth sample were found to be almost identical (supplementary fig. S11 , Supplementary Material online), both with regarding to the timing and the magnitude of demographic events, except for the most recent expansion phase, in which a lower intensity was found using the revised approach. We found that PSMC inference based on the low depth sample showed a biased demographic model and could be satisfactorily corrected with our revised PSMC approach. Additionally, we note that the detected bias observed for genomes with low depth (<20Â) could also be corrected assuming a uniform False Negative Rate (uNFR) by using the option "-M" of the plotting script "psmc_plot.pl" to specify the uFNR correction rate Hung et al. 2014) . The uFNR correction showed a similar plot of a low depth sample compared with high depth PSMC inference (supplementary fig. S11, Supplementary Material online) . No striking differences were observed among the PSMC profiles reconstructed from different taurine breeds with different sequencing depth of coverage (range from 9Â to 24Â, supplementary table S1, Supplementary Material online and fig. 2a ). Consequently, we found our revised approach to be a suitable method that introduced acceptable new biases to estimate the PSMC inference of low average sequencing depth samples.
To explore the potential impact of the reference genome on the PSMC results of indicine breeds, we mapped sequence reads of indicine samples against the assembly of B. indicus (Nelore breed, GenBank assembly accession: GCF_000247795.1) and repeated the PSMC analysis (default setting with uFNR correction). Although the PSMC profiles reconstructed from different references were not identical, the qualitative results hold for indicine breeds Genetic Architecture and Selection of Chinese Cattle . doi:10.1093/molbev/msx322 MBE with the B. indicus reference genome ( fig. 2a and supplementary fig. S12, Supplementary Material online) .
MSMC Analysis
The Multiple Sequential Coalescent Markovian (MSMC) model (Schiffels and Durbin 2014) was used to infer changes in effective population size (N e ) and divergence time between breeds (samples marked in supplementary table S1, Supplementary Material online). MSMC is an extension of the PSMC model, which uses a hidden Markov model to scan genomes and analyze patterns of heterozygosity, with long DNA segments with low heterozygosity reflecting recent coalescent evens. The rate of coalescent events is then used to estimate N e at a given time. To scale the output of MSMC to real-time population sizes, we used the generation time and mutation rate mentioned earlier (description of PSMC analysis). We obtained atmospheric surface air temperature (SAT) and global sea level (GSL) data of the past 3 My (Bintanja and van de Wal 2008) (supplementary figs. S13 and S14, Supplementary Material online).
Selective Sweep Analysis
Considering the sample size and close genetic background of indicine cattle (NEL, BRM, and GIR), we pooled these three indicine breeds into one group (IND) in our selection analysis. Seven cattle groups (QCC, RAN, JBC, IND, HOL, FLV, and JER) with sample sizes >10 were retained for the following analysis. To identify candidate loci for breed-specific phenotypes that are known to be under positive selection, we used the d i statistic (Akey et al. 2010 ) to measure the locus-specific divergences in allele frequency for each group based on unbiased estimates of pairwise F ST . Briefly, for each SNP, we calculated the statistic d i ¼ P (Hu et al. 2016) . Candidate genes under positive selection were defined as those in which more than half of the gene interval was found in selective sweep regions. Tajima's D statistic was computed by using VCFtools for each candidate gene. Gene Ontology (GO) enrichment analysis for genes in selective sweep regions was performed with a hypergeometric test using ClueGO (Bindea et al. 2009 ). The false discovery rate (FDR) was used to correct the P values with the Benjamini-Hochberg approach.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online. 
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